clusion after an exhaustive multivariate morphological absence of heterozygous individuals, which suggests a predominantly analysis: internode length was the main component of selfing mode of pollination in both wild and domesticated Bambara morphological variation. A survey of Cameroonian groundnut. High genetic identity between wild and domesticated landraces (Pasquet and Fotso, 1997) , however, pointed forms suggests that wild Bambara groundnut is the true progenitor of to a new morphological character. In Cameroon, domesdomesticated Bambara groundnut. Both morphological and isozyme ticated accessions could be split into two distinct groups: data show a gradient between true wild and domesticated Bambara a northern group characterized by one-seeded pods and groundnut through weedy populations. The improved understanding a southern group characterized by two-to four-seeded of the organization of genetic diversity of Bambara groundnut propods. This latter group was apparently not studied by vided by our data will allow a better conservation of its genetic re- Begemann (1988) but fits the description of Kwango sources.
(Zaire) landraces given by Rassel (1960) . This finding was especially interesting as a similar phenomenon has been observed with Cameroonian cowpea [Vigna ungui-B ambara groundnut is an important leguminous culata (L.) Walp.] landraces. In the northern area, the crop in Tropical Africa, although in many countries it has been replaced as a major crop by the groundnut, Abbreviations: AAT, aspartate aminotransferase; ADH, alcohol deArachis hypogaea L. Nevertheless, Bambara groundnut hydrogenase; Amp, aminopeptidase; CMR, Cameroon; DIA, NADH cultivation still has a wide distribution from Senegal to Diaphorase; ENP, endopeptidase; EST, esterase; FDH, formate dehythe Ethiopian lowlands, as well as in South Africa and drogenase; FLE, fluorescent esterase; ␤GAL, ␤-galactosidase; GDH, glutamate dehydrogenase; GHA, Ghana; ␤GLU, ␤-glucosidase; G6PD, glucose-6-phosphate dehydrogenase; GR, glutathione reduc-R.S. Pasquet (Hepper, 1963 44), and SOD (E.C. 1.15.1.1). Either seed or leaf tissue was width, and flower standard petal width. Unfortunately, fruit shells were not available for most of the accessions. Except used for DIA (E.C. 1.6.2.2), IDH (E.C. 1.1.1.42), MDH (E.C. 1.1.1.37), MNR (E.C. 1.6.99.2), PGI (E.C. 5.3.1.9), PGM (E.C.
for seed weight, two measures per plant were made and data were averaged across accessions for each population. The av-2.7.5.1), and SDH (E.C. 1.1.1.25). All enzymes were assayed in a histidine-citric acid pH 6.0 buffer system. The gel mixture erage population data were used in a principal component analysis. contained 14% (w/v) starch as described by Second and Trouslot (1980) but enzymes were run for a shorter distance in the gels (5-6 cm) than in the original protocol (10-12 cm). En-
RESULTS
zyme-specific staining was done according to Wendel and Weeden (1989) with either leucine-␤-naphtylamide or alanine-
Morphology
␤-naphtylamide for AMP, and 4-methyl-umbelliferyl comMorphological data averages (Table 3 ) and a principal pounds for FLE, ␤GAL, and ␤GLU. GR was stained accomponent analysis ( Fig. 1 ) showed a marked difference cording to Harris and Hopkinson (1978) .
between wild and domesticated Bambara groundnuts, Although no formal segregation analyses were conducted to determine the inheritance of the banding patterns observed, with the possible exception of populations W6 and W15.
inferences were made on the number of loci involved on the The first two principal components accounted for 72.9 basis of similar analyses made in related Vigna and Phaseolus and 13.5%, respectively, of total variation. The traits species (e.g., Panella and Gepts, 1992; Vaillancourt et al., responsible for separation along the principal compo1993a; Koenig and Gepts, 1989) . For each enzymatic system, nents included (with loadings in first and second compothe presumed loci were numbered in ascending order from nents respectively in parentheses) seed weight (0.825, the anode. For each isozyme, the most common allele was 0.503), internode length (Ϫ0.882, Ϫ0.239), petiole designated as 100 and the other allozymes alleles were desiglength (0.963, 0.022), leaflet length (0.843, 0.179), leaflet nated according to their migration distance in millimetres relawidth (0.828, Ϫ0.300), and standard petal width (0.758, tive to that standard (Koenig and Gepts, 1989 ).
Ϫ0.525). Populations W6 and W15 appeared to be
Allelic compositions of each population were determined at 41 presumed loci. Genetic distances between populations weedy populations that resembled domesticated types. (Nei, 1972) were calculated and UPGMA dendrograms They showed large seeds and tough, wrinkled pods but (Sneath and Sokal, 1973) were computed by the BIOSYS also had smaller leaves and much longer internodes than software version 1.7 (Swofford and Selander, 1981) . Total gene the domesticated populations (Table 2) . Wild populadiversity (Ht), within population gene diversity (Hs), between tions to the left of the diagram showed thin and smooth population gene diversity (Dst), and gene differentiation (Gst) pod testa, small seeds (0.23-0.39 g), small leaves (4.5-6.5
were calculated following Nei (1973) . by 1.9-2.8 cm), small leaf petioles (5.1-7.3 cm), and long internodes (6.5-10.0 cm), compared with domesticated
Morphological Characterizations
populations. The latter showed thick and wrinkled pod Morphological characterizations were made in a greentesta, large seeds (0.56-1.37 g), large leaves (7.5-9.4 by house in Davis, CA, from July to September (maximum tem-2.8-3.6 cm), long leaf petioles (12.4-14.5 cm), and short perature 35ЊC, minimum temperature 25ЊC). After removel internodes (1.3-3.4 cm). In the middle of Fig. 1, popula (Table 3) .
flowering before September but fruit set was almost nonexistent, probably because of lack of adaptation. The low number Enzyme Variation and Diversity of plants was due to the utilization of original seed obtained during the field explorations instead of seeds obtained from
The 23 enzyme systems allowed us to score 41 loci. a gene bank. Few plants died before the completion of morOne band of activity was noted when staining for AMP, phological characterizations. Nevertheless, entries with an in-DIA, ENP, FDH, GDH, ␤GAL, GDH, G6PD, GR, complete data set were not included in the analyses. Therefore, MPI, and SDH. Therefore one locus was inferred and only fully healthy and well-growing plants were considered in scored in each of these enzyme systems. Two bands of the morphological analyses. Each plant was characterized for activity were found for FLE, ␤GLU, IDH, ME, MNR, the following traits: dry seed weight, fourth internode length, fourth leaf petiole length, fourth terminal leaflet length and PGM, and EST in seed extracts, but both the faster ␣EST band and the slower ␤EST band were too weakly bands of activity also were noted when staining for AAT, PGD, and SOD. Three bands of activity were stained to be scored. Three bands of activity were noted when staining for ADH, the middle zone being a heteroobserved for ␣EST in leaf extracts but only the middle one was stained strongly enough to be scored. Four dimer between products of Adh1 and Adh2. Three bands were observed with PGI. The fastest band (PGI1) weakly stained, could be scored. The second band was formed by the homodimer from Mdh2, the third by a was assumed to be chloroplastic as in cowpea (Vaillancourt et al., 1993a) ; the next three were assumed to be heterodimer between products from Mdh2 and Mdh3, and the fourth by the homodimer from Mdh3. The fifth the homo-and heterodimer products of Pgi2 and Pgi3. Five bands of activity were visible when staining for band (MDH4) migrated over a longer distance (1-1.5 cm) from the origin. MDH. The most anodal band (MDH1), although Among domesticated populations, seven of 41 (17%) loci showed polymorphism, with a total gene diversity of 0.052. With one exception (Pgi1 98 ), all the domesticated alleles were encountered in wild Bambara groundnut. Wild populations showed more diversity as fourteen loci (34%) were polymorphic and total gene diversity was 0.087 (Table 4) (Fig. 1) .
Both wild and domesticated Bambara groundnut showed a similar within-population diversity, which accounts for most of the domesticated total diversity (Table 4) . However, heterozygotes were very rare. Only 10 wild plants (of the128 plants studied) and 5 domesticated plants (of the 114 plants studied) showed heterozygosity for at least one locus, despite the existence of within-population variability. If we disregard the Mdh1 locus, where the heterozygote phenotype could not be clearly distinguished from the Mdh1 100 phenotype, 11 wild and 7 domesticated populations showed withinpopulation diversity without showing a single heterozygous phenotype.
Phenetic Isozyme Analysis
UPGMA analysis lead to five clusters (Fig. 2) . Cluster A included both domesticated and wild populations from the center of the morphological analysis biplot (Fig. 1) . Cluster B also included wild populations from the center of the morphological analysis biplot. Cluster C included wild populations from the left of the morphological analysis biplot and one domesticated population. Cluster D included the two weedy populations (W6 and W15), which are morphologically closest to domestifrequencies compared to allelic frequencies among domesticated populations (Table 6 ). cated types. Cluster E included populations from the left of the morphological analysis biplot.
Rare alleles (frequencies lower than 0.1) were encountered in a few populations: Idh1 97 and Idh2 97 in The principal component analysis of Nei's (1972) 97 in W51 and four domesticated populations, and ability and emphasized the close relationship between domesticated and wild Clusters A, B, and C (Table 5) Pgi1 98 only in three domesticated populations. (Fig. 3) . For example, W13 is as close to Cluster B (0.045) as to domesticated and wild populations from Isozyme patterns were very similar to those observed (0.037). Populations C4 and C5 are slightly closer to in other species from the genus Vigna, i.e., V. unguicupopulations W50, W57, and W58 (0.020) than to populalata (Panella and Gepts, 1992; Pasquet, 1993; Vaillantions W2, W45, and W51 (0.035) Table 5 in Pasquet, 1998) , V. frutescens A. Rich., and V. membraa major way as the average of pairwise Nei distances nacea A. Rich. (Pasquet and Vanderborght, 1999) , and between wild populations and Clusters A, B, and C is especially those observed within the blue-and yellow-0.053 only. Nei distances between wild and domesticated flowered Vigna (Pasquet and Vanderborght, 1999) . DIA populations fell within the range 0.005-0.122 with an did not yield numerous bands, and patterns were more average of 0.055 (Table 5) than to those of V. reticulata and V. vexillata. G6PD As expected from the low total genetic diversity of and SDH did not show a double band profile in Bambara wild and domesticated populations and the comparagroundnut as in the other species but this could be due tively high within-population diversity, distances beto the shorter migration conditions used in this study tween populations were very low. Cluster analysis sepapreventing separation of the two bands. The faster ADH rated groups of populations only according to changes homodimer (Adh1 product) was weakly stained as in in the frequency of the most common alleles. Population V. unguiculata, V. ambacensis, V. luteola (Jacq.) V. ambacensis, and V. gracilis, and not strongly stained tempted to fulfill all of these conditions for both wild and domesticated Bambara groundnut. Wild Bambara as in V. unguiculata, V. vexillata, V. reticulata, V. frutescens, and V. membranacea. Finally, groundnut is distributed from eastern Nigeria to the western part of the Central African Republic (Jacquesgrated far from the origin as in V. luteola, V. ambacensis, and V. gracilis and much further from the origin than Felix, 1950) . Therefore, the populations studied here were representative of only half of the longitudinal exin V. unguiculata, V. vexillata, V. reticulata, V. frutescens, and V. membranacea . All these results indicate that the tension of the taxon but were representative of the whole of its latitudinal extension. The morphological Bambara groundnut, Vigna subterranea, is more closely related to the blue-and yellow-flowered Vigna (V. ludata also showed that we studied both weedy and wild populations. With regard to domestication Bambara teola, V. ambacensis, and V. gracilis) than to the pinkflowered Old World Vigna (V. unguiculata, V. vexillata, groundnut, we studied accessions representing the entire range of morphological variability, including entries V. reticulata, V. frutescens, and V. membranacea), which agrees with previous isozyme and cpDNA results (Vailwith spreading to bunch growth habits, and one-seeded to two-to three-seeded pods. We focused not only on lancourt and Weeden, 1993; Vaillancourt et al., 1993b) the area close to the supposed domestication center and with the taxonomic position of V. subterranea within (from Nigeria to Central African Republic where wild the section Vigna as proposed by Maré chal et al. (1978) .
Bambara groundnuts are encountered), but also on areas in West Africa, East Africa, and South Africa.
Genetic Diversity Analysis
We surveyed 41 loci although 20 loci are generally The best estimate of genetic diversity is obtained with regarded as a reasonable number of loci for a survey a large number of accessions, collected from the whole of our type. Usually such a type of study is made with range of the species, and screened for a large number accessions multiplied ex situ. Here most of the populations were studied with original seeds. Measurement of of loci (Ayala, 1982; Nei, 1978) . In this study we at- within population diversity parameters was therefore within domesticated populations may explain the lack of correlation between morphological (either habit or possible.
Overall levels of isozyme diversity observed in our seed per pod) or geographical origin and isozyme diversity, even if such a correlation has been documented in study were quite low, confirming a previous study by Howell (1990) . However, compared with that study, we other crops (Doebley, 1989) . Comparison of genetic diversity levels among accessions from Ghana, Tanzania analyzed a larger number of loci (14 polymorphic loci out of 41 vs. 2 polymorphic loci out of 9) and a broader and Zambia, and Cameroon does not show a clear center of diversity. cross-section of germplasm. For example, AMP was polymorphic in our study but monomorphic in the Howell (1990) study. Nevertheless, diversity in Bambara Phenetic Analysis groundnut is quite low. Gene diversity parameters (TaThe morphological gradient between truly wild (left), ble 3) were lower than those for various domesticated slightly weedy (left center), strongly weedy (right censpecies compiled by Doebley (1989) for crops and their ter), and domesticated (right) (Fig. 1 ) is correlated to wild relatives. This low diversity could be due to a a certain extent with isozyme data. Clusters C and E, strongly autogamous breeding system in both wild and Clusters A and B, and Cluster D represent wild and domesticated Bambara groundnut. Very few heterozyweedy populations, respectively. The wild populations gous phenotypes were observed despite the high withinthat were most distantly related to the domesticated population diversity observed (compared with total types were the same in both morphological and isozyme gene diversity) and the use of originally collected seeds analyses ( Fig. 1 and Table 5 ). However, the low genetic in all wild populations and most of the domesticated diversity in Bambara groundnut must be emphasized. populations.
Cluster analysis accounts mainly for changes in allele Despite the low genetic diversity of both wild and frequencies. As a matter of fact, domesticated populadomesticated Bambara groundnuts, a bottleneck betions and wild populations from Clusters A, B, and C tween wild and domesticated types is obvious as shown are genetically close (Table 5) . by total gene diversity (Ht) or percentage of polymor-
The absence of the Pgi1 98 allele within wild populaphic loci (L) data ( 
